An abundance of evidence points to a role for the presupplementary motor area (pre-SMA) in human language function. This study explores the pre-SMA resting state connectivity network and the nature of its connections to known language areas. We tested the hypothesis that by seeding the pre-SMA, one would be able to establish language laterality to known cortical and subcortical language areas. We analyzed resting state data from 30 right-handed healthy controls by performing a seedbased analysis using a manually drawn pre-SMA region of interest template. Time-course signals in the pre-SMA region of interest were averaged and cross-correlated to every voxel in the brain. Results show that the pre-SMA has significant left-lateralized functional connectivity to the pars opercularis within Broca's area. Among cortical regions, pre-SMA functional connectivity is strongest to the pars opercularis. In addition, pre-SMA connectivity exists to other cortical language-association regions, including Wernicke's Area, supramarginal gyri, angular gyri, and middle frontal gyri. Among subcortical areas, considerable left-lateralized functional connectivity occurs to the caudate and thalamus, whereas cerebellar subregions show right lateralization. The current study shows that the pre-SMA most strongly connects to the pars opercularis within Broca's area and that cortical connections to language areas are leftlateralized among a sample of right-handed patients. We provide resting state functional MRI evidence that the functional connectivity of the pre-SMA is involved in semantic language processing and that this identification may be useful for establishing language laterality in preoperative neurosurgical planning. NeuroReport 28:545-550
Introduction
Clinical and neuroimaging task-functional MRI (fMRI) studies have long shown preferential presupplementary motor area (pre-SMA) involvement within the supplemental motor area during language task performance. Whereas the rostral SMA proper has been shown to preferentially activate during the motor aspects of language function such as word articulation and motor output in task-fMRI studies, the pre-SMA shows more prominent activation in specific cognitive language tasks [1] , including verb generation [2] , semantic-based word generation [3] , and word reading [4] , among a myriad of others. Very recently, white matter connectivity between the pre-SMA and associated language network using diffusion tensor imaging was described [5] . On the basis of these findings, we anticipate substantial resting state functional connectivity to language association areas discovered in previous task-based language studies.
Resting state enables paradigm-free functional imaging because of low-frequency blood oxygenation leveldependent (BOLD) fluctuations during rest. These signal fluctuations reflect connectivity between functionally related regions of the brain [6] . Resting state networks of motor, visual, auditory, memory, language, and attention systems have been studied. These networks are symmetric in signal activation and correspond to known functional areas from task-based fMRI studies [7] . Determining language lateralization in preoperative neurosurgical planning is highly valuable for preoperative planning [8] . Unlike task-based fMRI, which requires extensive cooperation by the often neurologically impaired preoperative patient, resting state functional MRI (rfMRI) does not require task performance [8] . The ability to accurately localize lateralized language areas without the need for the neurosurgical patient to perform a complicated language paradigm would be a significant advantage. Recent studies attempting to characterize the language network in resting state have been met with mixed results, with many unable to characterize lateralization of language networks [9, 10] . More recently, effective but highly involved data-driven approaches and global signal analyses have shown some success, but a simpler approach remains elusive [11] .
The aim of this study is to examine the resting state functional connectivity network of the pre-SMA and evaluate whether a simple seed analysis involving the pre-SMA can elicit lateralized connections to known language areas. With the convergence of aforementioned evidence from multiple imaging modalities suggesting a language role for the pre-SMA, we hypothesize that the pre-SMA should have significant resting state connectivity to primary and secondary brain language regions and can serve as a simple and reliable means of determining language laterality.
Patients and methods

Participants
The rfMRI data was obtained from the Cambridge resting state database, which was uploaded by Dr. Randy Buckner's group to the 1000 Functional Connectomes database (https://www.nitrc.org/projects/fcon_1000/). The first 30 right-handed individuals (mean age = 22, 11 men and 19 women) were included for data analysis.
Data acquisition
Scanning was performed on a 3-T TimTrio systems (Siemens; Siemens Medical Solutions, Erlangen, Germany) using a 12-channel phased-array head coil. Structural images were acquired using a sagittal MP-RAGE three-dimensional T1-weighted sequence, with repetition time = 2530 ms, echo time = 3.44 ms, flip angle = 7°, 1.0 mm isotropic voxels; field of view 256 × 256. For the rfMRI scan, patients were instructed to leave their eyes open and not think about anything during the scan. T 2 -weighted rfMRI data were obtained with a single-shot gradient echo echo-planar imaging sequence in the axial orientation (repetition time = 3000 ms, echo time = 30 ms, 128 × 128 matrix, 3 mm isotropic voxels, flip angle = 90°, total number of volume = 119).
Data preprocessing
Preprocessing of the rfMRI data was performed with Analysis of Functional Neuroimages (AFNI) software [12] . Initially, data of each participant was evaluated to detect whether there was any severe head motion or artifactual signal. Three-dimensional volume registration using Fourier interpolation was performed to correct head motion and six motion parameters were recorded to regress out motion-induced spurious variance. Linear drift was removed from the time-series data. After spatial normalization [13] , the data was spatially smoothed with a Gaussian filter (full width at half maximum = 4 mm). Subsequently, time series were filtered using a bandpass of the interval 0.01-0.08 Hz region to remove physiological high-frequency noise, for example, respiratory and cardiac [6] and to reflect spontaneous neuronal activity. During the procedure, nonbrain tissues including the skull were removed.
Connectivity analysis with the presupplementary motor area region of interest A pre-SMA region of interest (ROI) was manually drawn utilizing an anatomical template in normalized space. Pre-SMA boundaries were defined posteriorly by the vertical anterior commissure line, anteriorly by the vertical line drawn from the genu of the corpus callosum, inferiorly by the cingulate gyrus, and superiorly by the brain surface [14, 15] .
Masks of all anatomical brain regions available in the Talairach space were created. Individual masks were created for Broca's area and Wernicke's area; Broca's area was defined as Brodmann's area 44 and 45 [16] , whereas Wernicke's area was defined as Brodmann's area 22 [17] .
Seed-based correlation maps were generated for each participant by extracting the averaged BOLD fMRI time course from the pre-SMA ROI and then the Pearson correlation coefficient was computed between the ROI time courses and every voxel in the brain to generate a correlation (r) map. All individual r-maps were converted into a normal distribution using Fisher's r-to-z transformation. For group analysis, all Fisher's z-score maps were entered into a paired t-test to detect the regions showing significant functional connectivity with the seed ROI. These t-maps were thresholded at a P value of less than 0.05, corrected for multiple comparisons. Percent voxel activation for specific regions was calculated by dividing the number of threshold activated voxels by the total number of voxels within the ROI.
Laterality assessment in both hemispheres
Laterality was assessed by calculating the difference in voxel activation in the left versus right hemispheres for specific anatomic regions using a formula: laterality index
The presence of hemispheric dominance is assessed by comparing the LI with a predefined threshold (LI TH ). We define LI TH = 0.2, which means that left-sided voxel activation will be at least 50% more than right-sided voxel activation [18] : LI > LI TH means left hemispheric dominance, LI < − LI TH , means right hemispheric dominance, and |LI| ≤ LI TH means bilateral dominance. For example, laterality of SMA functional connectivity with Broca's area was characterized by calculating the difference between voxel activation in the left Broca's area region versus right Broca's area region at a corresponding t-score (P < 0.01). Laterality is quantified by applying the equation after setting specific t-score thresholds (t > 2, t > 4, t > 6, t > 8, t > 10). This approach stratifies voxel activation as a function of the relative connectivity strength of activated voxels within ROI.
Results
The pre-SMA has statistically significant resting connectivity to the majority of the brain, but brain regional connectivity strength and laterality varies (Table 1) . Connectivity is observed in cortical regions, the basal ganglia, thalamic nuclei, and the cerebellum. The greatest degree of connectivity occurs from the pre-SMA to the pars opercularis of Broca's area, the caudate nuclei, and thalamic nuclei (Fig. 1) . Left-hemispheric dominance occurs among cortical language areas, whereas right lateralization occurs in certain cerebellar subregions.
Connectivity between the pre-SMA and cortical areas
The pre-SMA connects most significantly to language regions, with the greatest connectivity occurring to the pars opercularis [19] . Similarly, significant activation occurs in Wernicke's areas and known secondary language areas such as the supramarginal gyri, middle frontal gyri, and angular gyri (Table 1a) . Among cortical language regions, Wernicke's area contains the weakest connectivity to the pre-SMA. Laterality indices for language regions are left lateralized when the threshold is set to high t-score ranges, with the pers opercularis possessing the greatest degree of left lateralization (Fig. 2) . In addition, the pre-SMA shows significant but relatively weaker connections to most other major cortical structures.
Connectivity between pre-SMA and subcortical structures (thalamus, basal ganglia, and cerebellum)
Notable connectivity exists to subcortical areas. The pre-SMA has statistically significant connectivity with multiple thalamic nuclei with varying extents of connectivity strength and lateralization. Connectivity is strongest in the lateral dorsal nuclei, lateral posterior nucleus, anterior nuclei, ventral lateral nuclei, ventral anterior nuclei, and midline nuclei (Table 1b) . Among these regions, significant (LI ≥ 0.2) left lateralization of connectivity at high thresholds is observed in the posterior nucleus, lateral dorsal nuclei, ventral lateral nuclei, and anterior nuclei; significant right lateralization is observed in the midline nucleus at high thresholds. The pre-SMA also has statistically significant connectivity with multiple basal nuclei with varying extents of connectivity strength and lateralization. Connectivity is strongest to the caudate, claustrum, subthalamic nucleus, and lentiform nucleus (Table 1c) . Considerably stronger connectivity occurs in the head (t = 6.90) and body (t = 7.80) of the caudate compared with the tail (t = 3.13). Finally, the pre-SMA has statistically significant connectivity to multiple cerebellar subregions (Table 1d ). Strong activation occurs in the culmen vermis, uvula, culmen, declive, and dentate. Notably, cerebellar connections in the tonsil, inferior semilunar lobule, uvula, dentate, and tuber are right lateralized at high thresholds.
Discussion
In the current study, the pre-SMA serves for the first time as a potential means to determine cortical language Table 1 Coordinates, t-scores, and laterality indices of the most significantly activated regions (t > 6.5, P < 0.0001) Resting state functional activity map generated using the seed region of interest placed in the supplementary motor area (SMA). Broca's and Wernicke's area activations show a left-sided dominance. The activation in the cerebellum is predominantly right sided (t = t score). Percentage volume activation of most prominently activated cortical regions. Volume activation is graphed as a function of t-scores for both left (blue) and right (red) hemispheric regions. laterality. Our results indicate statistically significant pre-SMA resting state connectivity to both cortical and subcortical language regions.
Although the pre-SMA has strong resting state functional connectivity to most cortical regions, it connects most strongly to the pars opercularis, the region of Broca's area. These findings corroborate with diffusion tensor imaging and paradigm-driven studies showing structural and functional relationships between the pre-SMA and Broca's area during language tasks [5] . Revealingly, the next strongest areas of connections are to regions of the brain known to be language association areas, such as Wernicke's area, middle frontal gyrus, supramarginal gyrus, and angular gyrus. These connections are also left lateralized, which is consistent with known left lateralization of language function in right-handed humans. These findings provide convincing resting state evidence of pre-SMA involvement in language. They additionally provide the possibility for the application of the current method to the localization and lateralization of language areas in the preoperative brain tumor patient using rfMRI, rather than task-based fMRI.
Notably, pre-SMA resting state connections are not limited to cortical language areas as evidenced by findings in the thalamus, basal ganglia, and cerebellum. Definitive conclusions on the nature of these connections are limited on the basis of the current study's methodology, particularly without the availability of concurrent taskbased fMRI studies. However, it is possible to argue that these connections may be language related in light of the current study's finding that the pre-SMA's strongest cortical relationship is a left-lateralized connection to Broca's area, specifically the pars opercularis. For example, thalamic connections shown in this study may be functionally equivalent to the thalamic activation observed in task-based fMRI during language performance. As cortical evidence exists to support pre-SMA involvement in language, functional connectivity between the pre-SMA and thalamus may similarly reflect the involvement of both regions in the language resting state network. For the thalamus, numerous task-based functional imaging studies have clearly shown thalamic participation in language [20, 21] . Similarly, within the basal ganglia, substantial pre-SMA resting state connectivity occurs to the caudate, which has been shown to be involved in numerous linguistic tasks such as language syntactic operations [22] . Cerebellar activation has already been extensively documented in the literature in the context of numerous language tasks [23] ; activation that is right hemisphere dominant in specific cerebellar subregions may reflect similarly right hemisphere dominant cerebellar activation findings during language task performance in individuals with left dominant frontal activation. Further work beyond the scope of the current study's methods is required to determine the specific nature of these pre-SMA to subcortical functional connections.
This study shows for the first time that the pre-SMA is an effective ROI for eliciting lateralized cortical language regions. For neurosurgical patients, identification of language lateralization provides critical information to deciding the appropriateness of neurosurgical intervention and improving postoperative morbidity [8] . Taskbased fMRI is already regularly used in cortical tumor and epilepsy resections, but its use is limited by the patient's ability to perform the task, minimize movement in the scanner, or simply be conscious. RfMRI addresses these limitations by examining changes in spontaneous BOLD signal rather than signal changes induced by tasks. To elicit the language network, various groups have carried out a seed analysis involving Broca's and Wernicke's ROIs and complicated independent components analysis, data-driven, or global signal approaches, among others, showing mixed results with respect to language lateralization [11, 24, 25] . Our resting state analysis is a novel, effective, and relatively simple approach to determining the critical information of language lateralization, especially in patient groups that are unable to produce task-based activation maps. We believe that this study is a convincing step toward understanding the clinical utility of resting state in neurosurgical preoperative planning. In addition, future studies now have a method of correlating pre-SMA functional connectivity changes with clinical language performance in the setting of disease. For example, the effects of stroke on language function can be assessed by comparing the pre-SMA resting state network in stroke patients with those in healthy controls. Similar work in stroke patients has already been carried out to assess motor outcomes [26] .
Our current study has limitations. First, our sample size (N =30), although sufficient to extract a meaningful result with healthy individuals, requires a larger population to make firm judgments. Second, the band pass frequency range (0.01-0.1 Hz) applied in this study can directly exclude relatively high-frequency oscillations from white matter (0.073-0.25 Hz), respiratory (0.1-0.5 Hz), and cardiac (0.6-1.2 Hz) sources. However, to account for non-neuronal noise, data-driven independent components analysis may be a more powerful tool for regressing out signals from regions such as white matter or ventricles that are likely to have a high degree of physiological artifact relative to neuronal activity [27] than seed-based analysis alone. Third, the pre-SMA in the current study was based on anatomical landmarks from key older studies. To further validate this study's approach for determining pre-SMA functional connectivity, results from functionally defined seed regions from task-based fMRI should be compared with the results of this study.
Conclusion
This study shows the ability of a pre-SMA seed analysis to elicit the lateralized language network. The pre-SMA resting state network significantly involves the cortical and subcortical language areas. Cortical language connections show left hemisphere dominance at high connectivity thresholds in right-handed healthy individuals. In addition, subcortical involvement in the basal ganglia, thalamus, and cerebellum correlates well to findings in task-based fMRI literature. We provide solidifying evidence that the pre-SMA plays a major role in language function and also propose that the pre-SMA can serve as an effective seed analysis ROI for determining language lateralization and localizing brain language areas.
